Materials can, in principle, be imaged at the level of individual atoms with aberration corrected transmission electron microscopy. However, such resolution can be attained only with very high electron doses. Consequently, radiation damage is often the limiting factor when characterizing sensitive materials. Here, we demonstrate a simple and effective method to increase the electron radiation tolerance of materials by using graphene as protective coating. This leads to an improvement of three orders of magnitude in the radiation tolerance of monolayer MoS2. Further on, we construct samples in different heterostructure configurations to separate the contributions of different radiation damage mechanisms.
FIG. 1:
The effect of sandwiching MoS2 single layer in between graphene layers (the G/MoS2/G configuration). (a), A schematic representation of the sandwich structure, where a MoS2 monolayer is confined in between two graphene layers (green spheres are Mo, and yellow spheres S, and white spheres C). (b), Electron diffraction pattern of the G/MoS2/G sample, showing the monolayer MoS2 peaks at 3.7 nm −1 and the two graphene peaks at 4.7 nm −1 in different orientations, originating from the top and bottom layers. The ratio of the alternating intensities of the first-order reflections of the MoS2 maxima is 1.20, confirming its monolayer nature [31] . sputtering of target material can be inhibited. As an extreme demonstration of the benefits of coating a sample, mosquito larvae were recently demonstrated to come out alive and even hatch after investigation in the vacuum of a scanning electron microscope when a coating treatment was applied [19] .
A typical drawback of coating a specimen, however, is that it obscures the specimen itself, degrades the signal to noise ratio, and consequently reduces the attainable specimen resolution. Therefore an optimal coating material would have excellent electrical and thermal conductivity, be resistant and highly transparent to electrons at the used energy, be chemically inert, and be crystalline. The last is important as the known image contribution of the crystalline lattice can be removed from the micrographs in digital post-processing, e.g. by Fourier filtering [20, 21] . A material meeting all these criteria is graphene, and it has indeed been suggested and employed as the ultimate sample substrate for TEM [1, 7, 18, 20, [22] [23] [24] [25] [26] [27] [28] . The usefulness of graphene in reducing ion radiation damage has been reported in other studies, where significant reduction in the sputtering yield of platinum covered with graphene under ion irradiation has been predicted [29] , and reduced damage in graphene sandwiched between SiO 2 and another graphene layer under ion bombardment has been observed [30] .
In this study, we show how coating an electron beam sensitive material -single layer MoS 2 -with graphene dramatically improves its electron radiation resistance. We analyse the evolution of the electron radiation damage at atomic resolution, employing 80 kV AC-HRTEM. We show that the electron radiation resistance of the MoS 2 single layer is increased by nearly three orders of magnitude when it is sandwiched between two graphene layers, as compared to the free standing MoS 2 layer (see 1). This demonstrates the effectiveness of our graphene-sandwich-approach in fighting radiation damage. In addition, by preparing samples in different heterostructure configurations we are able to separate the role of the different damage mechanisms in the material at the level of single atoms.
For this purpose we constructed samples in four different configurations, using the following procedure: A graphene flake (1-3 layers) was mechanically exfoliated from graphite, deposited on SiO 2 (90nm)/Si, and transferred to Quantifoil grids using KOH [32] . Single layer MoS 2 was also cleaved from a natural crystal, and deposited on SiO 2 /Si. In order to transfer the MoS 2 flake to the already transferred graphene we positioned the graphene/Quantifoil on top of the single layer MoS 2 . Once positioned the MoS 2 layer was transferred via the same method as used for graphene. The process was repeated for a another graphene layer. As a result we got a sandwich structure where the MoS 2 layer lays in between graphene layers. The HRTEM investigations were performed in an aberration-corrected FEI TITAN 80-300 operated at 80 kV with C s = 0.03 mm under Scherzer conditions. The vacuum level in the microscope was < 10 −7 mbar. The measured quantities from the four heterostructure samples. ∆N is the number of lost S atoms, N the total number of S sites in the investigated area, φ the accumulated electron dose, and σ the vacancy production cross-section as calculated by ∆N /(N φ). The confidence intervals were calculated assuming N/ √ N errors for the integer quantities and 1% errors for the electron doses.
MoS2 116 3176 8.2×10 As the baseline sample, we used a free-standing MoS 2 , which was also the subject of an earlier study [14] . For evaluating the ultimate protective power of the graphene layers, a sandwich structure was constructed (named the G/MoS 2 /G configuration), where the MoS 2 layer was enclosed between graphene layers via subsequent transfer of the mechanically exfoliated layers on to a TEM grid at the same position (see 1a for a schematic representation). For separating the effects of the different damage mechanisms, two heterostructures with a MoS 2 monolayer and graphene were constructed, with graphene either on top or bottom of the MoS 2 layer (named the G/MoS 2 and MoS 2 /G configurations).
Based on light-micrographs produced during sample preparation the correct sample area was located at low magnification in the TEM in order to minimize the electron dose before characterization of the effects of the electron beam on the material. Electron diffraction patterns were recorded for verifying the monolayer nature of the MoS 2 [31] at the area under investigation. A diffractogram of the G/MoS 2 /G sample is presented in 1(b), showing the two graphene peaks originating from the top and bottom layers, and the peaks of alternating intensity from the MoS 2 monolayer.
Once the correct sample area was located, the material was observed in the high-resolution mode, while keeping track of the total accumulated electron dose. All the samples were investigated in similar conditions in terms of vacuum level, dose rate, magnification, and total beam current. Importantly, atomically clean areas were found in the heterostructure areas, which corroborates the earlier observation by Haigh et al. [33] . There interfaces in similar heterostructures were found to be contamination free, and in full contact in cross-sectional images. Similarly to what was observed in our earlier study [14] , exclusively sulphur vacancies are created under the electron beam. By observing the rate at which the vacancy concentration increases, one can directly evaluate the total vacancy production cross-section in each case.
The dramatic effect of the graphene layers in the G/MoS 2 /G sample can be seen when 1 panels (c) and (d) are compared. In panel (c), the free-standing MoS 2 sample is seriously damaged after an electron dose of 2.8 × 10 8 electrons/nm 2 , and the vacancies have partly rearranged into lines, as described in Ref. [34] . Consequently, no information on the atomic structure of the pristine state of the sample can be extracted. With the G/MoS 2 /G sample (panel (d)) the situation is completely different after the same electron dose. Here, for example, the structure of the MoS 2 flake edge can be readily observed at atomic resolution, which would not be possible with the unprotected sample, and the vacancy concentration in the flake remains very low. Panel (e) shows the same HRTEM frame as in panel (d), but after filtering out the graphene contribution and high frequency noise by means of Fourier filtering, which further improves the interpretability of the MoS 2 structure by removing the Moiré effect resulting from the overlay of the MoS 2 and the graphene lattices.
For quantifying the damage rate and for studying the contributions of the different damage mechanisms, all the four samples were given an electron dose at which the vacancy concentration increased to up to 4 %, and HRTEM images before and after the irradiation were compared, taking account of the increase in vacancy concentration. The relevant measured quantities are given in I, along with the calculated vacancy production cross-sections. The cross-sections are calculated by σ = ∆N/(N φ), where ∆N is the number of lost S atoms, N the total number of S sites in the investigated area, and φ the accumulated electron dose.
The significant differences between all the four sample configurations can be seen in the HRTEM images in 2, where each case is shown before and after the electron dose of 7×10 8 e/nm 2 . The free-standing MoS 2 layer is again seriously damaged after this electron dose, resulting in the loss of long-range order, as indicated by the broadening of the lattice maxima in the Fourier transforms. The sample in the G/MoS 2 configuration shows reduced damage, but is still far from the pristine state of the material, and the sample in the MoS 2 /G configuration shows further reduced damage. The G/MoS 2 /G sample, however, shows dramatically different behavior, and the vacancy concentration remains unchanged after the electron dose which completely destroyed the free-standing target. We would like to point out, that we do see occasional migration steps of vacancies also in the G/MoS 2 /G configuration (the locations of the vacancies in the G/MoS 2 /G frames in 2 are not identical). The difference between damage rates in the G/MoS 2 /G Figure S1 and Video 1, where a spot in the G/MoS 2 /G sample was located, at which the bottom graphene layer ends, thus allowing the observation and comparison of a fully and half covered parts at the exact same conditions.
and the G/MoS 2 configurations is further demonstrated in Supplementary material
The cross-sections for the MoS 2 , G/MoS 2 , MoS 2 /G, and G/MoS 2 /G configurations were determined to be 4.5(4) barn, 1.5(2) barn, 0.48(4) barn, and 0.008(3) barn, respectively (one barn equals 10 −10 nm 2 ). As compared to the free-standing case, the cross-section is reduced by a factor of 2.9 for the G/MoS 2 configuration, 9.3 for the MoS 2 /G configuration, and 600 for the G/MoS 2 /G configuration. If one defines the critical electron dose to be the dose at which 5% of target sulphur atoms are lost, one gets values of 1.12(11)×10 8 e/nm 2 , 3.3(5)×10 8 e/nm 2 , 1.05(8)×10 9 e/nm 2 , and 6(3)×10 10 e/nm 2 for the MoS 2 , G/MoS 2 , MoS 2 /G, and G/MoS 2 /G configurations, respectively. Quantification of damage in the graphene layers is not possible due to the much stronger contrast originating from the MoS 2 layer. However, prior studies have shown that graphene is quite robust under 80 keV electron beam, and tends to flexibly reorganize into a closed network in the presence of vacancy type defects [12, 35] .
By comparing the samples in the G/MoS 2 and MoS 2 /G configurations, it can immediately be seen that knock-on damage is not the dominant damage mechanism in MoS 2 under the electron beam, contrary to what was assumed in our earlier paper [14] . If suppression of knock-on damage is taken to be the only difference between the two configurations, one can estimate the contribution of the knock-on process. A value of 1.1(2) barn is acquired, which is only 24% of the total damage cross-section in the free-standing case and consequently 76% of the damage is of a different origin. This knock-on cross-section is in good agreement with the theoretical prediction of 0.8 barn [14] . It should be pointed out that the theoretical value is based on a displacement threshold calculated specifically for sulphurs in the bottom layer, which are easier to displace than the top layer sulphurs.
Comparison of the samples with only single side covered and the free-standing MoS 2 sample allows studying the effects of the other damage mechanisms, although clearly isolating the mechanisms is not as straight-forward as in the case of knock-on damage. If one assumes that already covering a single side of the MoS 2 layer with graphene suppresses the damage processes caused by electronic excitations and charging, and thus only chemical etching on one surface is active in the MoS 2 /G configuration, one can further calculate a cross-section of 2.4(6) barn as the contribution related to electronic excitations and chaging (55% of the free-standing cross-section). This number, however, should be taken as a rough estimate. In future experiments it would be of great interest to replace the graphene layer on one or both surfaces by a hexagonal boron-nitride layer, which is chemically inert, has comparable mechanical properties to those of graphene, but is an insulating material. Such samples would allow further separation of the different damage mechanisms.
To conclude, we have successfully applied graphene as a coating material for dramatically reducing radiation damage in single layer MoS 2 induced by the 80 keV electrons used for high-resolution imaging in AC-HRTEM. Our new sample preparation method allows characterization of the pristine atomic structure of a radiation sensitive material. Moreover, we demonstrated the usefulness of different layered graphene-MoS 2 heterostructures in separating different radiation damage mechanisms. The technological implications are obvious: Using graphene as a protective layer is highly advantageous when imaging radiation sensitive materials in a transmission electron microscope, from thin layers to isolated molecules. This expands the applicability of the AC-HRTEM significantly, as radiation damage has been a serious hindrance in fully exploiting the greatly improved resolving power of the aberration-corrected instrument. The total vacancy creation cross-section was reduced 600 fold going from a free-standing MoS 2 layer (4.5(4) barn) to the sandwiched configuration (0.008(3) barn). The contribution of knock-on damage was separated from the total damage cross-section (1.1(2) barn), and was observed to only partially explain the total accumulated damage. An estimate on the cross-section related to electronic excitations was deduced (2.4(6) barn), although heterostructures of different materials would be useful in addressing this effect more reliably. Other types of displacing radiation were not explicitly studied here, but our results suggest that graphene can be used also more generally in protecting surfaces from radiation damage.
